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Introduction:
The demand for new materials to be used in supercritical steam power plants for efficient and clean coal utilization is ever growing. A significant reduction of CO 2 emissions is expected by increasing the efficiencies of the steam turbines to ŋ > 50% which can be achieved by moving from subcritical conditions (180 bar/540 o C) to an ultra-supercritical regime of operation (300 bar/620-650 o C). However, there are important challenges faced by different steel components, related to higher temperatures such as material failure due to high temperature oxidation, and phenomenon such as creep and erosion caused by descaled fragments. Over the years considerable research has been done in finding solutions to the above problems in terms of employing protective surface layers [1, 2] .
Protective surface layers based on oxides of Aluminium (Al) and Chromium (Cr) have been found effective but with some limitations. Their deposition techniques such as thermal spraying, slurry application and Chemical Vapour Deposition (CVD), including their advantages and limitations have been concisely described in a previous publication [3] . Some of these coatings depend but also suffer from inter-diffusion of elements to and from substrate at high temperature which can compromise their density, leading to development of porosity eventually to substrate oxidation. It has also been reported that a critical amount of Cr and/or Al is required to form and maintain a protective oxide scale which will be effective at temperatures above 600 °C [4, 5] . Employing a surface layer with higher Cr or Al content [6] or nourish this layer with a constant supply of Cr from the layers beneath can be tricky in steels such as P92, since low Cr improves their creep resistance and thus their employability in the construction of steam plants [3, 7] .
Literature studies have shown that so far the Physical Vapour Deposition (PVD) route has not been exploited to protect steam turbine components against the environmental attack caused by the steam at high temperature. The main reason is the porous structure of the state-of-theart coatings, especially when monolithically grown, inherent to the growth mechanism of such coatings. In the current work, a surface coating however with a different approach has been studied. A PVD CrN/NbN coating utilising nanoscale multilayer, (superlattice) structure has been used to protect P92 steel. This uniquely layered coating is a combination of nitrides of chromium and niobium. Due to the plurality of the interfaces between the alternating individual layers, which act as barriers to the dislocation motion under mechanical load the hardness, and the toughness of the nanostructured coating are several factors higher than that of the individual single nitrides, which constitute the coating. Furthermore at exposure to high temperatures and aggressive environment the interfaces act as barriers to in and outward diffusion of coating, substrate as well as elements from the environment thus prolonging the coating life time against the environmental attack. CrN /NbN coatings which have excellent tribological properties and are not only resistant to aqueous corrosion and corrosion-erosion, [8, 9] but also have oxidation resistance up to a temperature of 850 °C [10] , which further merits their use in the current study. Moreover, the novel High Power Impulse Magnetron Sputtering (HIPIMS) deposition technology has been utilised to deposit these coatings with enhanced adhesion and very dense microstructure, which will address the problems of coating adherence at high temperature. These superior coating properties are achieved due to the unique high metal ion content in the HIPIMS plasma [11] which allows particle acceleration and trajectory control by external electrical and magnetic fields thus delivering highly energetic material flux on the condensing surface. The fundamentals and applications of this novel technology are described elsewhere [12] . The paper represents first attempt for more systematic study of the performance of HIPIMS deposited nanostructured coatings for the demanding application of steam turbines utilising unique steam environment testing equipment and advanced surface analytical techniques.
Experimental details:

Coating deposition:
Nanoscale multilayer CrN/NbN coatings were deposited in HTC 1000-4, four target system holder, arrangement of the cathodes and the closed magnetic field due to the external electromagnetic coils surrounding the magnets [13, 14] . For this study P92 steel substrates with an engineering surface finish (clearly visible grinding marks-representing real engineering surfaces) were coated. CrN/NbN coatings were synthesised in a sequence of three steps -pre-treatment, CrN base layer deposition, and bulk coating deposition comprising of nanoscale multilayer structure. Figure 1 In order to improve adhesion of the coatings, substrates were pre-treated with Cr + produced in a HIPIMS plasma discharge operating in Ar atmosphere [15] . Pre-treatment was followed by a CrN base layer and then alternating CrN and NbN nanoscale layered architecture to form a multilayer coating by sequentially exposing the substrates placed on the substrate table to different targets. Two Nb and two Cr targets 99,90% pure were co-sputtered to deposit CrN/NbN coating. The sputtering was carried out in a mixed N 2 + Ar atmosphere at total pressure in the range of 10 -3 mbar. The system was operated in a pressure control mode where the Ar flow rate was maintained constant of 200 sccm whereas the N 2 flow rate was varied in the range of 160-180 sccm using a VISCOVAC device and gas flow controllers. The primary rotation speed of the sample turn table was 7 rpm, which with the selected power on the targets and the nitrogen flow rate allowed deposition of nanoscale multilayer structured coating with bi-layer thickness of 2.9 nm. In order to achieve the desired combination of energy of the ionised flux and deposition rate, 2 targets were operated in HIPIMS and 2 in UBM mode [13] . The deposition temperature was maintained at 400 °C whereas the bias voltage (U b ) was maintained at -65 V.
Coating characterisation:
In order to investigate their performance, the coatings were characterised using a number of analytical techniques. Scanning Electron Microscopy (FEI NOVA-NANOSEM 200 and Zeiss Supra 55VP), Focussed Ion Beam SEM (Quanta 200 3D) were used to analyse the coating microstructures, whereas low-angle (2θ, 1°-10°) Bragg-Brentano geometry X-Ray Diffraction (XRD) technique was used to measure the bi-layer period of these coatings (PHILIPS XPERT). The texture of the nanoscale multilayer structure was investigated using Brag-Brentano geometry (2θ, 20-100°) XRD, using glancing angle (2° incidence) and θ-2θ geometries. The coating samples were analysed by XRD after exposure using a Bruker AXS D8 Discover. A transmission electron microscope (Philips EM420) was used to analyse the multilayer structure in detail. 
Oxidation tests:
P92 substrates and coated samples were oxidised at 650 °C in 100% steam atmosphere up to 2000 h, in order to simulate the future operation conditions of steam turbines employed in power plants [16, 17, 18] . Figure 2 shows the experimental laboratory setup for the steam oxidation test procedure. The samples were put into a tubular horizontal furnace connected to a second furnace where the steam is generated from de-oxygenated water. The water is recirculated by means of a peristaltic pump and a condenser assembled to the reservoir. The oxidation kinetics was evaluated by mass gain measurements in a five decimal balance.
The specimens were removed from the chamber at fixed intervals. To prevent the oxidation of the samples while the furnace heats up to the test temperature or cools down to room temperature nitrogen gas was injected to displace the air from the chamber. Three coated and 3 uncoated specimens were oxidised to confirm the reproducibility of the data.
Results and discussion:
Coating mechanical properties and adhesion:
The effect of the coating superlattice structure on the properties is evident from the Knoop micro-hardness (HK) test results. A high value of HK 0.25N = 3337 ± 83 (approximately 30 GPa) was measured which is a result of a dense, ordered and flat, (low waviness) nanolayer structure. Roughness values of the uncoated and coated P92 substrates (Ra = 0.65 µm and 0.70 µm respectively) were found to be near similar suggesting that HIPIMS coating does not add to the roughness due to any macro-sized defects such as droplets, but only follows closely the topography of the original surface. The roughness results reinforce the results obtained from SEM studies.
However as dense as the coating may be, its adhesion to the substrate is of paramount importance. To improve the adhesion of these coatings, the substrate surface was pre-treated with HIPIMS plasma. The utilisation of high energy metal ion rich plasma (typically few 100 eV), free from macro droplets, leads to very effective removal of any oxides/impurities present on the surface rendering it flat and clean. Furthermore the bombardment leads to metal ion implantation which promotes local epitaxial growth of the coating thereby improving adhesion. The fundamentals and further details of the adhesion enhancement due to the HIPIMS surface pre-treatment have been published elsewhere in [19] .
Beneficial effect of HIPIMS pre-treatment and deposition is further evident from the adhesion test carried out on test coupons. Scratch adhesion tests on P92 test coupons were carried out 9 by scratching the sample with a diamond tip indenter under progressively increasing normal load conditions. The value of normal load at which coating de-lamination begins is observed under a microscope and recorded as the critical load of adhesion failure (L C2 ). Results revealed a very high value of L C2 = 80 N and are of significant importance considering the high surface roughness of the sample. Figure 3 (a) shows the optical microscope image of the scratch along with the higher magnification insets. It can be observed that increasing loads lead to through thickness perforation of the coating but without delamination even though loads reached 80 N. 
Coating crystallographic structure and texture:
Performance of a coating in a hostile environment will largely depend on its microstructure along with its properties such as hardness, wear resistance, corrosion resistance and low internal stresses. These properties are influenced by the coating microstructure and texture to a large extent. A right combination: (a) of energetic flux generated in HIPIMS plasma and (b) application of a bias voltage, can act as a tool to control the texture in PVD coatings and thus their properties [20] . Intense low energy bombardment available in HIPIMS (positively charged particles typically with energies in the range of 2-3 eV) helps to mobilise the condensing species (material to be deposited) on the substrate surface. This in turn allows deposition of dense coatings however with lower stresses [13] , and in case of multilayers with sharp interfaces leading to its superior properties [21] . HIPIMS has been proven successful in depositing complex 3D components [22] . The highly ionised depositing species (both gas and metal ions) can be effectively guided to the "out of sight" areas with high kinetic energies when a bias voltage is applied to the substrate. This capability, when aided with 3 fold planetary rotation, improves the specimen coverage to a large extent. This benefit of HIPIMS can also be observed in the current set of study, Figure 5 (a-c). Figure 5(b) . The high magnification image shows that the peaks as well as the troughs of these groves have been fully coated.
Columnar grain sizes of the coating vary depending on its position (peaks show coarser diameter columnar grains than troughs) however the coating coverage is universal. The microstructure, consisting of multilayers when observed in cross-section, grows on the surface as several closely packed columnar grains. A higher magnification image in plan view shows the tops of the individual columns Figure 5 (c). This peculiar structure often being referred as cauliflower structure further illustrates the coating density. Therefore the bi-layer thickness for the reported coatings is defined by two complementary methods, Low Angle XRD, Fig. 4 combined with XTEM imaging. 
CrN
Role of coating defects. The wear and corrosion resistance of the coating will strongly
depend on its hardness, chemical inertness and thereby on its microstructure. Eventually coating structure defects will also play a vital role in the barrier, protection property provided by the coating. The structure defects are known to act as a preferential path of localised functionality coating failure [23, 24] and their effect will depend on their origin and their density. Therefore for the successful operation in the challenging environment of the steam turbine shedding light on the origin and the variety of the coating defects most commonly found is from paramount importance. One potential source of coating defects is the deposition technology itself. For example it is very common to form macro-particle droplet defects in the case of arc evaporation or under-dense microstructure leading to inter-columnar voids in the case of Direct Current (DC) sputtering. Defects can also develop during the condensation process when the coating grows on top of foreign particles which are ejected from deposition chamber walls and fixtures and landed on the substrate surface. Figure 7(a-d) shows examples of such defects found on a PVD coated surface. The observed coating defects can be roughly classified as:
Nodular defects: These appear as irregular shaped, loosely bond nodules of the coating, as visible in figure 7(a) . These defects are generated by coating growth over foreign particles landed on the deposition surface at later stages of this process. The foreign particle causes shadowing, which creates under-dense areas (voids) under the defect and weakens the bond of the nodule to the surface and adjacent coating. These defects do not provide direct path from the coating surface to the substrate therefore their existence is not seen as detrimental to the coating barrier properties in environmental tests, (in this study, steam corrosion test). Figure 7 (b) is high magnification SEM image of a coating structure with a pinhole defect. These can be generated due to the defects on the substrate surface (such as small craters) leading to atomic shadowing effect during the condensation process resulting in formation of under-dense structures (voids). Most of the times these imperfections are small diameter voids and although they interconnect the coating surface with the substrate they get easily filled up with corrosion product at environmental exposure therefore are seen as less harmful to coating barrier property. Figure 7 (c) shows a cross sectional view of a coating with a cone like defect. These defects have a cone-like shape with a diameter reaching several microns. The origin of these defects is foreign or seed particles however, in contrast to the nodular defects the seed particles have been planted on the surface prior to the coating deposition or at very early stages of this process. The contact between the cone shape defect and the bulk of the coating is under dense with voids interconnecting the coating surface with the substrate.
Pin-hole defects:
Cone-like defects:
These types of defects are detrimental for the coating barrier properties as they act as primary sites for localised coating corrosion failure.
Oxidation test results:
As discussed before, the protective nature of the coating will largely depend on the inherent properties of the coating and on the microstructure of the coating. In order to analyse this CrN/NbN coated P92 substrates were subjected to oxidation tests at 650 °C for 2000 h in pure steam environment. Figure 8 (a-c) shows the SEM images of the surface of the coated P92 substrate after oxidation tests. As seen in Figure 8 The surface is covered by a Cr and Nb rich oxide according to elemental analysis by EDX results shown in Figure 9 . The flakes consist also of a Cr and Nb rich oxide but with lower Nb and tend to concentrate along machining marks as seen in Figure 9 . This type of feature has already been observed by Quaddakers and collaborators [25] , Agüero and collaborators [26] , and is considered as evidence of fast Cr transport through oxides formed under water vapour containing atmospheres. The surface of the nodules is also covered by Cr and Nb oxides but some Fe and Mn can also be measured. This is confirmed by the XRD pattern of the coating as shown in figure 9 (b), in which peaks other than those corresponding to the substrate and the nitride coating, Cr 2 O 3 and NbO as well as some Fe 2 O 3 are seen. The nodules likely result from coating cone-like defects such as those described in section 3.3 and as observed in In Figure 11 , the elemental mapping as well as the composition of the coating shown. It can be clearly seen how the cracks are filled by protective oxides which prevent oxidation of the substrate. The fact that, neither substrate oxidation nor coating delamination can be observed indicates that the protective oxide formation is very fast. A thin oxide layer is also visible at the top of the coating (evident from the faint contrast in image and EDX analysis). Both SEM elemental mapping and EDX analyses carried out after 2000 hours of exposure to hostile high temperature steam environment showed that the coating developed a protective Cr 2 O 3 /NbO scale of approximately 490 nm. Chromium oxide is well known to be protective under the presence conditions, whereas NbO is more effective at higher temperatures, (above 600º C) due to formation of a denser structure with a mildly protective nature [27, 28] . Furthermore, CrN/NbN coating architecture employed in the current study consisted of a CrN base layer which can be seen intact at the base of the coating in this cross-section image. It is clear from Figures 10 and 11(a) that the coating-substrate interface is still sharp and well defined. As anticipated, Cr, Nb and nitrogen is omnipresent throughout the coating thickness indicating the intact coating whereas oxygen can only been seen concentrated on the top or in the cracks suggesting its failure in penetrating through the coating cross-section. No decomposition of the coating has taken place and the coating has offered good protection against oxidation of the substrate.
Based on the above shown evidence the CrN/NbN coating protection mechanism can be described as one of formation of protective top Cr and Nb containing oxide layer, effective plugging of coating voids by oxide product as well as hindered elemental transport trough the coating due to the barrier properties of the interfaces between the individual nanolayers of the coating. In the current study, P92 substrates uncoated as well as coated with CrN/NbN were tested for their resistance against water steam attack. Figure 12 shows the results of this test. As observed CrN/NbN coated P92 substrate exhibits very small mass gain loss as compared to the uncoated substrate, which is known to develop thick oxide scales after short exposure [17] . The ≅ 200 nm thick protective oxide on top of a 4 microns thick coating appears exceptional as compared with other coatings, which need higher thickness and interact with the substrate causing degradation from both mechanical and oxidation resistance perspective [3] . nm. The novel technology providing highly ionised metal plasma, was successfully employed to deposit high hardness, HK 0.25N = 3300 and extremely dense as shown by TEM coatings.
2. High adhesion with scratch test critical load of L C2 = 80 N on P92 steel was achieved due to the use of the HIPMS surface pre-treatment, which modifies the substrate structure in such a way that local epitaxial growth of the condensing film occurs.
3. The coating degradation mechanism when exposed to high temperature steam environment, although retarded and localised, is adverse diffusion of substrate elements and oxygen through coating growth defects or cracks formed due to thermal expansion coefficient mismatch between the coating and the substrate. 4. SEM elemental mapping and EDX analyses carried out after 2000 h of exposure to hostile high temperature steam environment showed that the coating developed a protective substrate interface remained sharp and well defined. The coating has offered good protection against oxidation of P92.
The coating protection mechanism can be described as one of formation of protective top Cr and Nb containing oxide layer, effective plugging of coating voids by oxide product as well as hindered elemental transport through the coating due to the barrier properties of the interfaces between the individual nanolayers of CrN/NbN. 
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